Two of the most well-supported patterns to have emerged over the past two decades of research in evolutionary biology are the occurrence of divergent natural selection acting on many male and female reproductive tract proteins and the importance of postmating, prezygotic phenotypes in reproductively isolating closely related species. Although these patterns appear to be common across a wide variety of taxa, the link between them remains poorly documented. Here, we utilize comparative proteomic techniques to determine whether or not there is evidence for natural selection acting on the ejaculate proteomes of two cricket species (Allonemobius fasciatus and A. socius) which are reproductively isolated primarily by postmating, prezygotic phenotypes. In addressing this question, we compare the degree of within-species polymorphism and between-species divergence between the ejaculate and thorax proteomes of these two species. We found that the ejaculate proteomes are both less polymorphic and more divergent than the thorax proteomes. Additionally, we assessed patterns of nucleotide variation for two species-specific ejaculate proteins and found evidence for both reduced levels of variation within species and positive selection driving divergence between species. In contrast, non-species-specific proteins exhibited higher levels of within-species nucleotide variation and no signatures of positive selection. Nucleotide and putative functional data for the two species-specific proteins, along with data for a third protein (ejaculate serine protease), suggest that all three of these genes are candidate speciation genes in need of further study. Overall, these patterns of proteome and nucleotide divergence provide support for the hypothesis that there is a causative link between selection-driven divergence of male ejaculate proteins and the evolution of postmating, prezygotic barriers to gene flow within Allonemobius.
Two major patterns that have arisen over the past two decades of research on reproductive biology and molecular evolution are 1) the occurrence of natural selection acting on many of the proteins in both the male and female reproductive tract (reviewed in Vacquier 2002a, 2002b; Clark et al. 2006; Turner and Hoekstra 2006 ; see also Swanson, Clark, et al. 2001; Swanson et al. 2004) and 2) the importance of postmating, prezygotic phenotypes in reproductively isolating closely related species (reviewed in Howard 1999; Howard et al. 2009 ). With regard to natural selection acting on reproductive tract proteins, much work has shown that not only do such proteins evolve rapidly in taxa ranging from invertebrates (abalone, urchin, Drosophila-see reviews above) to mammals (rodents to humans-see reviews above) but that many of these rapidly evolving proteins are linked to postmating, prezygotic phenotypes. For example, in Drosophila melanogaster, the male accessory gland (ACG) protein Acp26Aa is under positive selection (Tsaur and Wu 1997) and is one of the proteins that underlie a male's ability to induce a female to lay eggs (Herndon and Wolfner 1995) .
In general, then, we might expect that proteins underlying postmating, prezygotic reproductive isolation to be shaped by natural selection (as outlined by Civetta and Singh 1995) . However, although there is much support for both positive selection on reproductive proteins and the importance of postmating, prezygotic isolation, there are few cases that actually link positive selection acting upon reproductive tract proteins and the role of those proteins in driving postmating, prezygotic isolation (see the cases of sea urchins, abalone, and D. susukii-D. pulchrella outlined in Swanson and Vacquier 2002b) . Indeed, in a recent review, Turner and Hoekstra (2008, p. 771) capture the essence of this disconnect when they ask, ''what are the consequences of reproductive protein evolution-do changes in reproductive proteins really matter for speciation?'' This echoes an earlier review by Clark et al. (2006, p. 19) , in which they state, ''We must also describe the consequences of this rapid evolution. For example, does directional selection on gamete-recognition proteins contribute to speciation?' ' Turner and Hoekstra (2008, p. 771-772) further highlight the lack of an empirical connection between rapid evolution of reproductive proteins and its consequences on reproductive isolation, stating, ''While many studies have begun to shed light on either the evolutionary patterns of reproductive proteins or on the molecular mechanisms of fertilization, there are no systems in which the complete story has been told. '' This disparity between the overwhelming evidence for the above two edicts (i.e., rapid evolution of many reproductive proteins and the importance of postmating, prezygotic traits) and the limited evidence for the link between them lies in the distinction between any postmating, prezygotic phenotype that is differentiated between species and a postmating, prezygotic phenotype that is a primary (and potentially initial) mechanism of reproductive isolation. This distinction is analogous to the difference between the genetics of species differences and the genetics of speciation-where the latter implies a role in the process of speciation and the former does not. This disparity is not entirely unexpected as relatively few well-studied species complexes are isolated primarily by postmating, prezygotic phenotypes. The rarity of such systems is not a reflection of the unimportance of postmating, prezygotic isolation but rather of the long divergence times typically seen between species pairs and the association between longer divergence times and the greater number of traits that isolate species.
Unfortunately, although evolutionary biologists have identified many complexes of closely related species, few have been well studied enough to know which traits do and do not contribute to reproductive isolation. One complex of closely related species that has been well studied and whose members are primarily reproductively isolated from one another by postmating, prezygotic phenotypes is the Allonemobius socius complex of crickets. Over the past 30 years, research has shown that postmating, prezygotic phenotypes such as conspecific sperm precedence (CSP; Gregory and Howard 1994; Howard, Reece, et al. 1998 ) and the ability of a male to induce a female to lay eggs Howard, Reece, et al. 1998; Marshall 2004; Marshall et al. 2009 ) reproductively isolate species in this complex, whereas phenotypes such as calling song (Doherty and Howard 1996) , mating/courtship behavior Birge et al., 2010) , phenology (Howard 1986; Howard and Furth 1986; Howard and Waring 1991) , and postzygotic incompatibilities do not. Recent work by Ross et al. (2008) suggests that two members of this complex, A. fasciatus and A. socius, exhibit some habitat preferences when in sympatry; a finding that is consistent with the mosaic nature of this particular hybrid zone (e.g., Howard et al. 1993 ). However, both species are found in all habitats (see fig. 3 of Ross et al. 2008 ) and this pattern is completely lacking in the A. socius-A. sp. nov. Tex contact zone (Marshall 2004) . Given the apparent singularly important nature of postmating, prezygotic phenotypes in isolating members of this complex and the limited evidence for a link between natural selection on reproductive proteins and postmating, prezygotic isolation, this system raises the question, is there evidence of natural selection acting on the reproductive proteins of these species?
There are several ways to address this question. One technique, which has been used extensively in evolutionary biology, is to conduct a comparative expressed sequence tag (EST) study between species focusing on transcripts from the male reproductive ACG (e.g., Swanson, Yang, et al. 2001) , testes (e.g., , and/or female reproductive tract (e.g., Swanson et al. 2004 ). This approach has been quite successful at identifying tissue-specific genes that are under positive selection-although for males it is sometimes unclear as to whether or not the resulting positively selected protein is a component of the male ejaculate or simply expressed in the reproductive organs. A less common approach is that exemplified by the pioneering work of Singh and colleagues which utilized 2D proteomic approaches to detect signatures of divergent selection acting on testis and male ACG proteins, but not on nongonadal tissue proteins, between species of Drosophila (e.g., Singh and Coulthart 1982; Coulthart and Singh 1988a , 1988b , 1988c Thomas and Singh 1992; Zeng and Singh 1993; Civetta and Singh 1995) . Specifically, the proteomes from reproductive tissues were found to be more divergent between species and less polymorphic within species than those from nonreproductive tissues. This pattern is thought to be a by-product of either disruptive selection between species with strong purifying selection within species or rapid evolution of reproductive proteins during speciation with recent fixation of nonsynonymous substitutions-both of which leave a similar signature of natural selection at the proteome level. Recent work by Ramm et al. (2009) has shown similar patterns for rodent seminal vesicle proteins, relative to skeletal muscle proteins, using 1D comparative proteomics. Interestingly, this latter work by Ramm et al. (2009) is among the few examples of comparative molecular evolution studies focusing on those proteins that are actually transferred to the female during copulation-that is, ejaculate proteins (see also Andrés et al. 2008; Findlay et al. 2008) .
Here, we test for signatures of natural selection acting on the ejaculate proteome of two cricket species (A. fasciatus and A. socius) by assessing within-and between-species proteome divergence for both the male ejaculate and thorax proteomes using fluorescent 2D differential in-gel electrophoresis (2D-DIGE) comparative proteomics. We are able to easily study the ejaculate proteome of these crickets because males produce an external structure just prior to copulation called a spermatophore, which contains the entire ejaculate and is used to inject the ejaculate into the female during copulation (Fulton 1931;  fig. 1B in Marshall et al. 2009 ). In this analysis, we show that the Marshall et al. · doi:10.1093/molbev/msq230 MBE ejaculate proteome is significantly less polymorphic than the thorax proteome within species but significantly more divergent than the thorax proteome between species. This pattern of proteome divergence is consistent with natural selection driving the divergence of these ejaculate proteomes. In support of this latter inference, we find the signature of positive selection acting on the nonsynonymous mutational steps that differentiate species. Moreover, given that these species are primarily reproductively isolated by postmating, prezygotic phenotypes and that the male proteins that underlie these phenotypes are found in the ejaculate, this work supports the hypothesized link between natural selection acting on reproductive proteins and the evolution of reproductive isolation via postmating, prezygotic phenotypes.
Materials and Methods

Background
The members of the A. socius complex are small ground dwelling crickets that inhabit moist grasslands across North America. There are three species in this complex, A. socius, A. fasciatus, and A. sp. nov. Tex, with two hybrid zones (Marshall 2004 )-one north-south hybrid zone between A. fasciatus and A. socius with the zone of contact extending from New Jersey to Illinois (Howard and Waring 1991) and one east-west hybrid zone between A. socius and A. sp. nov. Tex that lies near the state line between Louisiana and Texas (Traylor et al. 2008) . The three species in this complex appear to have diverged from a common ancestor about 30,000 years ago (Marshall 2004 (Marshall , 2007 .
Cricket Collection Locations and Tissue Collection
For this study, ;40 juveniles per population were collected from populations on either side of the A. fasciatus-A. socius contact zone from both an Illinois and a New York/New Jersey transect. For the Illinois transect, A. fasciatus were collected from Frankfurt, IL (abbreviated FF; lat 41°28.3#N, long 87°53.6#W), whereas A. socius were collected from IL250, IL (abbreviated IL; lat 40°185#N, long 88°11.0#W). For the New York/New Jersey transect, A. fasciatus were collected from New Paltz, NY (abbreviated NP; lat 41°44.9#N, long 74°5.1#W), whereas A. socius were collected from Mile 22-23, NJ (abbreviated M22; lat 39°29.7#N, long 74°39.5#W). These two transects were chosen because they are approximately 1,300 km from another, thus enabling us to maximize variation within species, as well as identify species-specific variation that is consistent between distant geographic locations.
All collected juveniles were brought back to our laboratory at Kansas State University and reared to sexual maturity in sex-specific cages at 27°C on a 14:10 h light:dark photoperiod (following Huestis and Marshall 2006) . This rearing regime minimizes environmental effects as all juveniles experienced the same rearing environment, thus reducing the likelihood that differences observed within and between species in the adult proteomes are a by-product of environmental factors. Upon reaching sexual maturity (i.e., 10 days posteclosion), ten males from each population were individually allowed to court females and produce spermatophores. Spermatophores were taken from each male just prior to copulation. The spermatophores from all ten males from a given population were then combined into a single population-specific sample. This approach has the advantages of minimizing the effects of an aberrant male and increases the likelihood of capturing population-level variation.
Following the collection of spermatophores, males were frozen at À80°C. The thorax of each male was then dissected from the body and placed in a population-specific microcentrifuge tube. Specifically, the thoraxes from each of the ten males used to create the population-specific spermatophore sample were used to create the populationspecific thorax sample. This was repeated for each of the four populations. This approach allowed us to directly compare the ejaculate and thorax proteomes, as the same individuals produced both samples for each population.
Comparative Proteomics via 2D-DIGE
Overview of Technique
The general technique of comparative proteomics via 2D-DIGE for two samples involves collecting the protein sample of interest from two treatments (in this case, spermatophores from both species or thoraxes from both species), labeling each of the two samples with a different fluorescent CyDye, combining the labeled samples together, conducting 2D electrophoresis on the combined sample (first dimension based on isoelectric point and the second dimension based on molecular weight), and analyzing the resulting 2D gel image for similarities and differences in protein sequence and expression (i.e., both structural and regulatory differences can be detected). Protein alleles that are shared between the two species and are expressed at similar levels will be imaged as yellow, whereas species-specific alleles/expression are imaged as either red or green. The resulting distribution and abundance of protein spots can be analyzed for patterns, and individual protein spots can be identified with matrix assisted laser desorption ionization (MALDI) mass spectrometry (MS) and MS/MS. A recent review of this entire approach, along with detailed information on specifics and experimental design, can be found in Westermeier et al. (2008) . The methods used for this study are detailed below.
Tissue Preparation, Sample Comparisons, and 2D-DIGE Each population-specific spermatophore sample had 150 ll of double distilled water (ddH 2 O) added to its microcentrifuge tube. The spermatophores were ground with a pestle and then sonicated. The sample was then centrifuged at 12,000 rpm for 1 min. The resulting supernatant was removed, placed in a new sterile microcentrifuge tube, and used for comparative proteomic analyses. The same protocol was followed for the population-specific thorax samples, except 200 ll of ddH 2 O was used to account for the larger mass of tissue. This protein isolation protocol only recovers those proteins that are water soluble; thus Comparative Proteomics Reveals Adaptive Evolution · doi:10.1093/molbev/msq230 MBE all subsequent analyses are based on this particular set of proteins.
The population-specific samples for each tissue type were analyzed with the following four 2D-DIGE gels: (Gel 1) New York-New Jersey Transect, thorax samples, A. fasciatus (NP) labeled with CyDye 3 (imaged as green) and A. socius (M22) labeled with CyDye 5 (imaged as red); (Gel 2) Illinois Transect, thorax samples, A. fasciatus (FF) labeled with CyDye 3 (imaged as green) and A. socius (IL) labeled with CyDye 5 (imaged as red); (Gel 3) New YorkNew Jersey Transect, spermatophore samples, A. fasciatus (NP) labeled with CyDye 3 (imaged as green) and A. socius (M22) labeled with CyDye 5 (imaged as red); (Gel 4) Illinois Transect, spermatophore samples, A. fasciatus (FF) labeled with CyDye 3 (imaged as green) and A. socius (IL) labeled with CyDye 5 (imaged as red). The 2D-DIGE protocol, including sample preparation and quantification, CyDye labeling, combining samples, and labeling this mixed sample with a third CyDye for use as a standard in the cross-gel analysis, isoelectric focusing for first dimension separation, second dimension electrophoresis using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), capturing of gel images, and image analysis, was carried out by personnel at Applied Biomics (Hayward, CA; see website for complete details of protocols; www.appliedbiomics.com/index.html).
Data Analyses for Comparative Proteomics
Determining Protein Spots and Assessing Fold Changes Image scans of each 2D gel were carried out immediately after SDS-PAGE using a Typhoon TRIO (Amersham BioSciences) following provided protocols. The scanned images were then analyzed by Image QuantTL software (GEHealthcare) and then subjected to in-gel and cross-gel analyses using DeCyder software version 6.5 (GE-Healthcare). These analyses identified all protein spots on each gel for a given tissue and then determined the set of protein spots that were in common between gels for a given tissue type.
For in-gel analyses, which are between-species analyses in this design, differences in protein abundance (whether presence/absence or differential expression) for each protein spot between species were calculated as a ratio change using the DeCyder software package. This statistic was then used to estimate the fold difference between species for each spot. A 2-fold difference was used as our threshold for significance. The same procedure was followed for all four gels. For crossgel analyses, which are within-species analyses in this design, a ratio statistic was calculated for each spot and used to estimate fold differences for each spot of a given tissue between populations of the same species. The standard, derived from a mixed sample for each tissue type (see above), minimized the error in the cross-gel analysis. Together, these in-gel and cross-gel analyses for each tissue type enabled us to evaluate patterns of proteome variation.
Characterizing the Kind of Variation That Occurs at Each Protein Spot
Once the in-gel and cross-gel analyses were complete, we were able to classify the kind of variation, if any, that existed for each protein spot for a given tissue. Specifically, we assessed if there was species-specific variation (i.e., divergent proteins), within-species polymorphism, or neither type of variation for each protein spot. For example, if a protein spot was present or overly abundant (defined by the !2-fold difference) in one species relative to the other in both transects, then that protein spot was classified as being species specific. On the other hand, there are several patterns that could yield signs of within-species polymorphism. For instance, if a protein spot did not differ between species in either transect, yet that protein spot was overly abundant in both species in one transect, relative to the other transect (analogous to a geographic cline that is consistent in both species), then that particular protein spot would be classified as being polymorphic within species. Other patterns of within-species polymorphism included: 1) protein spots that were divergent between species in both transects, yet in opposite directions (analogous to opposing geographic clines) and 2) protein spots that were polymorphic in abundance for one species but not the other. Lastly, protein spots that exhibited no withinspecies polymorphism or divergence between species were classified as ''not variable.'' Upon completion of this classification protocol for all protein spots, the number of protein spots in each category were tallied and used for statistical analyses. This classification procedure was conducted for both the ejaculate and thorax proteomes.
Statistical Comparisons
After calculating the number of polymorphic protein spots within each species and the number of divergent protein spots between species for both proteomes, we used the resulting data to compare the proteomes. Specifically, we used a 2 Â 2 contingency table analysis with a Yates corrected chi-square test. This approach allowed us to assess the occurrence of excess or reduced amounts of polymorphism within species (or divergence between species) in the ejaculate proteome relative to the thorax proteome.
Protein Spot Identification and Analysis of Nucleotide Variation
Mass Spectrometry Analysis of Targeted Ejaculate Protein Spots As part of a larger study characterizing the species-specific proteins in the male ejaculate, we choose to focus here on five proteins that span the classes of variability based on the 2D-DIGE analysis. Of these five proteins, two exhibit species-specific variation (spots 1 and 2 on fig. 1 ), one appears to be polymorphic within species (spot 4 on fig. 1 ), and a fourth is not variable (spot 5 on fig. 1 ). The final protein chosen was ejaculate serine protease (EJAC-SP; spot 3 on fig. 1 ) which Marshall et al. (2009) showed influences a male's ability to induce a female to lay eggs-one of the postmating, prezygotic phenotypes that isolate species in the A. socius complex.
Protein spots were identified using MALDI-TOF (time-offlight) MS and MALDI-TOF/TOF MS (MS/MS) after tryptic digestion following the protocols in Marshall et al. (2009) or Marshall et al. · doi:10.1093/molbev/msq230 MBE those conducted at Applied Biomics (www.appliedbiomics.-com/index.html; Hayward, CA). The resulting MS and MS/ MS data for each protein spot were compared against an A. socius EST database (data not shown). Specifically, the database is an ;180,000 sequence EST data set generated with 454 pyrosequencing on double-stranded cDNA from both the male reproductive ACG and the testis. These sequences resulted in an ACG EST library with 4,139 unigenes covering .1.1 million bases, whereas the testis EST library has 15,140 unigenes covering .4.1 million bases. After determining a match for each protein spot (based on the number of matching peptides and significant MS/MS ion scores), we compared the resulting EST sequences (converted to the amino acid reading frame that matched the MS/MS data) against the nonredundant protein sequence database in NCBI using Blastp.
Sequence Analyses of Identified Protein Spots
Once a unigene was identified as matching a particular protein, we designed primers to amplify a fragment of that gene. Because these unigenes are part of a larger study, 5# and 3# rapid amplification of cDNA ends (RACE) have been conducted on some of them to identify the full-length coding sequence (following protocols in Marshall et al. 2009 ).
For the five genes studied here, our polymerase chain reaction (PCR) primers were as follows: 1) arginine kinase, AK-F is TGCTTAGAAAGTCTTGACAACCAA and AK-R is CGATACATTCTGAAAC TCGCA; 2) apolipoprotein A-I binding protein, APBP-F is CACTGCGATATCACAAT AT-AATTAC and APBP-R is CTAAATAATGGAAGGAATT-TTGAATAAC; 3) ejaculate serine protease, Ovi-Full-F2 is CGCTTCTGACAGCCATGC and Ovi-R-985a is CGCTAC-TCCTTATCCGTACCTTGCT; 4) serine protease inhibitor, SPI-F is ACCAAATTCTCAAGACGGAATG and SPI-R is CGAAATTCGACCAATAAAA ACA; and (5) acg69, ACG69-F is ATTTGCCCAAGGAACTCAAA and ACG69-R is TTCTGCGCTTGCTGAGAGTA (PCR conditions were as in Marshall et al. 2009 , although annealing temperatures of 45, 50, or 55°C were used depending on the melting temperature of the primers).
For each protein, the underlying gene fragment from one representative individual from each population used in the comparative proteomics analysis was sequenced. The resulting sequences were aligned in BioEdit version 7.0.5.3 (Hall 1999) . Once aligned, we used DnaSP version 4.10.8 (Rozas et al. 2003) to assess nucleotide variation within species, nucleotide divergence between species, as well as patterns of synonymous and nonsynonymous Comparative Proteomics Reveals Adaptive Evolution · doi:10.1093/molbev/msq230 MBE mutations. To assess the occurrence of positive selection acting on the branch between species or between populations, we used GABranch (Pond and Frost 2004) via DATA-MONKEY (Pond and Frost 2005) with a tree topology of ((FF,NP),(M22,IL)). Lastly, we utilized TCS (Clement et al. 2000) to generate haplotype networks for each gene. After generating each network, we labeled each mutational step as either being a synonymous or nonsynonymous mutation as well as indicated which mutational steps showed evidence of positive selection.
Results
Data Analyses for Comparative Proteomics
The 2D-DIGE gels from each comparison are presented in figure 1. Although there is clearly variation within each gel (i.e., the red and green protein spots), there is a high degree of similarity between the ejaculate gels and between the thorax gels from the geographically distant transects. This similarity is captured in the 81% and 75.2% of protein spots that exhibit no variation within or between gels for the ejaculate and thorax proteomes, respectively (table 1) . Overall, there were 922 protein spots identified on the ejaculate gels and 1,660 protein spots identified on the thorax gels.
As for patterns of polymorphism, many protein spots exhibited variation that is consistent with a geographic cline between the Illinois and New York/New Jersey transects (table 1; see the ''geographic pattern same in both'' category of within-species polymorphism). Although an actual geographic cline may not be the driving force underlying this pattern, we use the phrasing to help visualize patterns of variation. In comparing the level of polymorphism between the two proteomes for each species, we found that the ejaculate proteomes of both A. fasciatus and A. socius were significantly less polymorphic withinspecies than their corresponding thorax proteomes (table 2; P 5 0.0123 and P , 0.0001, respectively).
With regard to divergence, there is species-specific variation in both proteomes (table 1) . However, in contrast to the findings for within-species polymorphism, there was significantly more divergence between species in their ejaculate proteomes than in their thorax proteomes (table 2; P , 0.0001). Indeed, the ejaculate proteomes of A. fasciatus and A. socius are about 2.7Â more divergent from one another than expected based on their thorax proteomes. In total, these findings are consistent with the hypothesis that natural selection is driving the divergence of these ejaculate proteomes.
Protein Spot Identification and Analysis of Nucleotide Variation
We identified several protein spots, corresponding to five unique proteins ( fig. 1 and table 3 ). Two sets of protein spots, those for spot numbers 1 and 2 ( fig. 1) , were found to be Arginine Kinase (AK) and apolipoprotein A-I binding protein (APBP), respectively (table 3). In analyzing the nucleotide variation underlying these two proteins for the four populations used in the comparative proteomics study, we found no nonsynonymous mutations within species but fixed nonsynonymous mutations between species (table 4 and fig. 2; see supplementary fig. S1 , Supplementary Material online for amino acid alignments for each protein; caveat: the term fixed in this discussion should be treated with some caution as we only present sequence data for a handful of individuals for each species). Additionally, there is evidence that positive selection has driven the divergence in these proteins between species, as dN/dS on the branch separating species was found to be significantly greater than 1.0 (Table 5; fig. 3A and B, probability greater than 82% for both genes). With regard to the specific amino acid changes, the two fixed nonsynonymous amino acid changes in AK are two lysine (in A. socius) to glutamine (in A. fasciatus) mutations which result in differences in isoelectric point; whereas the single fixed nonsynonymous mutation in APBP is a glutamine (in A. socius) to glutamate (in A. fasciatus) mutation that also yields differences in isoelectric point. These data are consistent with the hypothesis that the greater occurrence of speciesspecific proteins in the ejaculate is a by-product of natural selection. For comparative purposes, we also examined the nucleotide variation underlying two proteins that did not exhibit species-specific variation (spots 4 and 5 on fig. 1 ). Spot number 4, classified as polymorphic in the comparative proteomic analysis, was identified as being similar to a serine protease inhibitor (SPI; table 3). Sequence analyses revealed nonsynonymous variation within species but no fixed nonsynonymous variation between species-a pattern opposite of that seen for the species-specific proteins (table 4  and fig. 2 ). Moreover, there was no evidence of positive selection (table 5) and the mutational steps between species were synonymous ( fig. 3D) .
As for spot number 5 (ACG69; each of the 4 spots circled for ''spot 5'' in figure 1 were identified as the same protein), which did not match any known proteins in NCBI (table 3) and was classified as not variable in the comparative proteomics study, there was considerable nonsynonymous variation within species and no fixed nonsynonymous variation between species (table 4 and fig. 2 ). Besides exhibiting no evidence of positive selection (table 5), the underlying nucleotide variation revealed a curious pattern where-by the ACG69 protein was more similar between species in each geographic region (i.e., Illinois transect versus the New York/New Jersey transect) than between populations of the same species ( fig. 3E) . Indeed, there are three fixed nonsynonymous differences between geographic regions and only one nonsynonymous mutation between species in Illinois and none between the species in New York/New Jersey ( fig. 3E) . Interestingly, and consistent with the 2D-DIGE gel suggesting no variation between species, the nonsynonymous mutation that occurs between A. fasciatus and A. socius in Illinois results in changing a glycine (in A. socius) to a serine (in A. fasciatus) yielding no change in net charge and trivial differences in mass.
Finally, we identified ejaculate serine protease (EJAC-SP) on the 2D-DIGE gel (spot number 3 on fig. 1; table 3 ). In an earlier study on A. socius, this protein was found to play a role in mediating a male's ability to induce a female to lay eggs (Marshall et al. 2009 ). Interestingly, the pattern of nucleotide variation underlying EJAC-SP resembled that of the species-specific proteins (i.e., a fixed nonsynonymous mutation between species and no nonsynonymous mutations within species; table 4 and fig. 2 ). Moreover, there was limited to no variation within species just as was the case for AK and APBP (table 4 and fig. 3C ). The only difference in the pattern of nucleotide variation between EJAC-SP and the two species-specific proteins is the added occurrence of two fixed synonymous mutation between species in EJAC-SP ( fig. 3C ), which contributed to the lack of finding a signature of positive selection acting on EJAC-SP between species (Table 5) . As for the specific nonsynonymous mutation that separates species, it is a mutation from MBE isoleucine (in A. socius) to valine (in A. fasciatus) that only negligibly influences protein mass and isoelectric point-a finding consistent with EJAC-SP being classified as not variable based on the 2D-DIGE gel ( fig. 1, spot number 3) .
Discussion
The analyses presented here paint a clear picture that the ejaculate proteomes of A. fasciatus and A. socius are both less polymorphic within species and more divergent between species than their proteome counterparts in the nongonadal tissues of the thorax. Moreover, in sampling the nucleotide variation underlying two ejaculate proteins that were classified as being species specific, we found evidence of positive selection acting on the nonsynonymous mutations that separate species. Although this is only a preliminary look at nucleotide variation, our findings are consistent with the comparative proteomic data and the hypothesis that the elevated divergence among ejaculate proteins between species is a by-product of natural selection.
As outlined in the Introduction, the finding of more divergent proteins in a reproductive tissue relative to proteins in nonreproductive tissues is not uncommon. For example, in a series of papers that span more than a decade, Singh and colleagues identified this pattern utilizing proteomics and a series of increasingly divergent species pairs of Drosophila (e.g., Coulthart and Singh 1988b; Civetta and Singh 1998) . Although the pioneering work of Singh and colleagues paved the way for the study presented here, there are some notable differences. To begin, the divergence time between the various pairs of Drosophila species utilized by Singh and colleagues ranges from about 1 to 16 My. This is at least one order of magnitude longer than the 30,000 years estimated as the divergence time between A. fasciatus and A. socius (Marshall 2004 (Marshall , 2007 . The importance of this disparity in divergence time is that the results presented here not only suggest that patterns of selection are different between tissue types but that selection-driven divergence in ejaculate proteomes can occur very rapidly. As a caveat, the speed with which the divergence occurred between A. fasciatus and A. socius was likely aided by significant reductions in population sizes upon their initial allopatric isolation into glacial refugia (see the substantial reductions in current theta relative to ancestral theta for both A. fasciatus and A. socius presented in table 6 of Marshall 2004) .
A second point of interest in comparing the results from Drosophila with those from Allonemobius is that several prezygotic and postzygotic barriers isolate species of Drosophila (many of which are reviewed in Coyne and Orr 2004) , whereas only postmating, prezygotic barriers appear to be ubiquitous, critical players in isolating species in the A. socius complex (e.g., Howard 1993, 1994; Marshall 2004; Marshall et al. 2009 ). Such a difference in the number of traits that isolate species is not unexpected given the longer divergence times calculated for pairs of Drosophila species. Although this MBE particular point may seem trivial, it does enable us to logically hypothesize a causative link between selection-driven divergence of male ejaculate proteins and the evolution of postmating, prezygotic barriers to gene flow within Allonemobius-a hypothesis that would be weakened and less logical to form if members of the A. socius complex were isolated by many kinds of barriers. Research similar to that on Drosophila has been carried out in rodents with a recent comparative proteomic study by Ramm et al. (2009) showing that seminal fluid proteins are far more divergent than skeletal muscle proteins across a diverse array of muroid rodents. Moreover, these authors linked some of their findings to sperm competition suggesting that such ejaculate divergence could play a role in postmating, prezygotic phenotypes. But the question still remains, could such seminal fluid protein diversification in rodents drive the evolution of reproductive isolation? Interestingly, a paper published by Dean and Nachman (2008) on the two most closely related species of rodent (Mus musculus and Mus domesticus) analyzed by Ramm et al. (2009) provides evidence that a postmating, prezygotic phenotype, specifically faster fertilization rate, is likely involved in reproductively isolating these species. Although it is currently unknown what other reproductive isolating barriers exist between these species, Dean and Nachman (2008) state that the existence of other types of prezygotic barriers is unlikely. This particular species pair offers an intriguing comparison with Allonemobius as divergence is estimated to be about 500,000 years (Dean and Nachman 2008) which is nearly as recent as that estimated between A. fasciatus and A. socius. Further research may show that rapid evolution of reproductive isolation in organisms as diverse as insects and mammals may follow similar paths even if there is idiosyncrasy in which underlying genes are targeted by natural selection.
Research on the field crickets, Gryllus firmus and G. pennsylvanicus, conducted by Harrison and colleagues has also yielded data consistent with those from Allonemobius. The divergence time between these two species of Gryllus (Broughton and Harrison 2003 ) is equivalent to that between A. fasciatus and A. socius, and comparative genomic studies have revealed signatures of positive selection acting on seminal fluid proteins from G. firmus and G. pennsylvanicus (Andrés et al 2006 (Andrés et al , 2008 )-a finding that supports the hypothesis that adaptive evolution of reproductive proteins can occur over very short time periods (i.e., tens of thousands of years). The one critical difference between the Allonemobius and Gryllus examples is the near singularly important nature of postmating, prezygotic phenotypes in isolating species in the A. socius complex; as these species of Gryllus appear to be isolated by several kinds of prezygotic (e.g., Rand and Harrison 1989) and postzygotic (e.g., Harrison 1983) traits. And while the Gryllus and Mus stories are incomplete, just as they are for most systems (sensu , current data are consistent with those from Allonemobius and in total indicate that divergence between ejaculate proteomes is common in nature and can occur early and rapidly in the process of speciation.
Nucleotide Variation and Candidate Speciation Genes
General Patterns The differences in polymorphism and divergence between the thorax and ejaculate proteomes cannot be explained by demographic features such as a population bottleneck or range expansion as such events would influence both proteomes in a similar fashion. Although this finding suggests that some form of natural selection is acting differently between the proteomes, it does not provide evidence that all proteins within a given proteome are being influenced by the same type of selection. In this study, we found that nucleotide variation, and in particular nonsynonymous mutations, varied greatly across genes within species. Indeed, those ejaculate proteins that exhibited speciesspecific variation in the proteomic analysis had very different patterns of nucleotide variation than those proteins that were not species specific. While not surprising, this result does suggest that different selection pressures can operate on different ejaculate proteins and that the ejaculate is not a single phenotype. This result is consistent with the data presented by Dean et al. (2009) who found that selection does not operate in a similar fashion on all reproductive tract proteins.
Another point of interest is the ability of comparative proteomic techniques like 2D-DIGE to reveal proteins that are variable across treatments. In our study, we did find a protein (EJAC-SP) that exhibited species-specific nonsynonymous nucleotide variation yet appeared as invariant on our 2D-DIGE gels. In this case, the nonsynonymous mutation did not result in a change in charge or mass for the Marshall et al. · doi:10.1093/molbev/msq230 MBE protein, so the variation was effectively hidden from this comparative proteomic technique. It is unclear how often such hiding of variation occurs, which ultimately can influence the number of proteins that are identified as being variable. However, there is no reason to expect that such hidden variation would be more prevalent in one tissue than another, so the overall usefulness of comparative proteomics is still high. Additionally, those proteins that do exhibit divergence are likely to have multiple nonsynonymous mutations or nonsynonymous mutations that significantly influence the charge or mass of a protein and thus a greater potential to influence protein function.
Candidate Speciation Genes
The gene apolipoprotein A-I binding protein appears to produce a protein (APBP) that is expressed in sperm (the sperm-biased expression of this transcript is corroborated by 454 EST data which show that this transcript is present in testes and absent in male ACGs-data not shown). In mammals, this protein has been shown to be a phosphoprotein that is phosphorylated downstream of protein kinase A (PKA) and is involved in sperm capacitation (i.e., making sperm fertilization competent; Jha et al. 2008) . Moreover, sequence analyses show that a fixed nonsynonymous mutation differentiates A. socius from A. fasciatus alleles with the fixation of this mutation likely being a by-product of positive Darwinian selection. Moreover, the mutation occurs in the Rossmann-like fold on the surface of the protein that likely influences access to the active site (alignment in supplementary fig. S1 , Supplementary Material online; see Jha et al. 2008 for details on protein structure). Although it is too early to state that this mutation has functional significance, it at least occurs in a functional region and warrants further study.
As for a potential role of APBP in reproductive isolation, our current hypothesis is based on a protein-protein interaction between a female protein kinase and the male APBP. For example, if a female-specific protein kinase activates APBP in the sperm, resulting in sperm becoming fertilization competent, then such a male-female protein interaction could be species specific-resulting in heterospecific matings yielding a significantly reduced number of sperm that are fertilization competent. If this were the case, it would be consistent with observed patterns of sperm utilization and CSP in Allonemobius. Specifically, females mated with heterospecifics lay fewer eggs relative to conspecific matings but egg hatching rates are equivalent between the cross types . However, if females mate with both a conspecific and a heterospecific, then the conspecific male typically fertilizes greater than 90% of the eggs (Gregory and Howard 1994; Howard et al. 1998a Howard et al. , 1998b . Therefore, a protein kinase-APBP interaction that is less efficient or exhibits some degree of incompatibility, as would occur between heterospecifics, could result in enough competent sperm to successfully fertilize eggs in noncompetitive matings but insufficient numbers of competent sperm to be successful in competitive matings. In short, heterospecific matings would produce fewer competent sperm to compete against conspecific sperm thus yielding a pattern of CSP. We are currently testing this hypothesis.
The second gene that showed evidence of selectiondriven nonsynonymous species-specific variation was arginine kinase (as with APBP, arginine kinase appears to be expressed in the testis and absent from the male ACG based on our 454 EST library-data not shown). Arginine kinase (AK) is a phosphotransferase enzyme that catalyzes the reaction between ADP and a phosphagen (i.e., a high energy phosphate compound, like Nomega-phospho-Larginine, that stores energy) to yield ATP and L-arginine. These latter two products are likely both important players in the fertilization biology of Allonemobius-especially with regards to sperm motility and maturation. To begin, this pathway can yield the ATP needed for sperm motility. Moreover, previous work on D. melanogaster and Bombyx mori suggests that the production of free arginine is a critical initial step in posttesticular sperm maturation with much of this maturation occurring after insemination (Osanai and Chen 1993) . Specifically, the production of free arginine initiates the arginine degradation cascade that ultimately yields 2-oxoglutarate and accelerates sperm maturation. Therefore, as appears to be the case for APBP, divergence in AK likely influences the number of sperm that are ultimately fertilization competent. Although it is currently unclear how AK interacts in a species-specific fashion with substrates in the female reproductive tract, it is interesting that the first two selection-driven proteins identified in the male ejaculate could both influence the same postmating, prezygotic phenotype.
Finally, ejaculate serine protease (EJAC-SP), a highly abundant male-biased serine protease in the ejaculate of Allonemobius crickets, appears to influence the ability of males to induce females to lay eggs (Marshall et al. 2009 ). Interestingly, the ability of males to induce females to lay eggs is one of the postmating, prezygotic phenotypes that play a significant role in reproductively isolating members of the A. socius complex Marshall 2004; Marshall et al. 2009 ). Although empirical evidence suggests that EJAC-SP is a critical player in the egg laying induction pathway, it is unclear if it functions in a species-specific fashion. In this study, our sequence analyses revealed fixed nonsynonymous variation between species (similar to that found for arginine kinase and apolipoprotein A-I binding protein), but we did not identify a signature of positive selection. This result could be the by-product of several processes, including positive selection on the species-specific nonsynonymous mutation that happened to sweep the two synonymous mutations to fixation or that the alternative alleles swept to fixation in each species as a result of positive selection on a nearby locus. At present, it is unknown which, if either, of these alternatives is more likely. It is also unknown if the nonsynonymous mutation that differentiates species has any functional significance. We are currently exploring the Comparative Proteomics Reveals Adaptive Evolution · doi:10.1093/molbev/msq230 MBE function of this male-biased serine protease within the female reproductive tract, what proteins it may interact with and whether or not the species-specific nonsynonymous mutation has functional significance.
Conclusions
As outlined above, the finding of more divergent proteins in a reproductive tissue relative to proteins in nonreproductive tissues is not uncommon. However, this pattern has rarely been demonstrated in a recently diverged pair of species like A. fasciatus and A. socius; much less a species pair that is reproductively isolated primarily by postmating, prezygotic phenotypes. Given the importance of postmating, prezygotic isolation in this group, the male spermatophore has the attractive feature of containing the entire world of male-specific reproductive isolation proteinsproviding a tractable target for identifying candidate speciation genes. As evidenced by our identification and molecular analyses of arginine kinase and apolipoprotein A-I binding protein, we have several candidate speciation genes in the A. socius complex that exhibit selection-driven species-specific variation and are presumed to play a role in postmating, prezygotic phenotypes. Our next step, in addition to identifying and analyzing the remaining speciesspecific proteins, is to functionally test arginine kinase and apolipoprotein A-I binding protein via RNAi for their specific roles in mediating postmating, prezygotic phenotypes (for a detailed example, see Marshall et al. 2009 ). All told, we are one step closer to answering the question posed by -''do changes in reproductive proteins really matter for speciation?''
Supplementary Material
Supplementary figure S1 is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
